The kinetic properties of acyl-coenzyme A (CoA): L-a-glycerol-phosphate transacylase (EC 2.3.1.15) from Escherichia coli were studied. At 10 C, a temperature at which the reaction was proportional to time and enzyme concentration, the enzyme had an apparent Km, of 60 ,uM for L-a-glycerol-phosphate. The curve describing the velocity of the reaction as a function of palmitoyl-CoA concentration was sigmoid but the plot of v-' versus [S]-3 gave a straight line. A Km of about 11 ,UM was calculated for palmitoyl-CoA. Adenosine triphosphate specifically inhibited the reaction, being a noncompetitive inhibitor in respect to L-a-glycerol phosphate. Inhibition only occurred with high concentrations of palmitoyl-CoA, and maxima inhibition was 60%.
It has been reported that, when growth of amino acid auxotrophs of Escherichia coli was limited by removal of their required nutrient, phospholipid synthesis was greatly reduced (Pizer and Pylkas, Bacteriol. Proc., p. 134, 1967) . A similar observation has been made with cells starved for nitrogen (19) . These observations suggest that the synthesis of lipid, as has been previously observed for other components of the bacterial cell, is subject to regulatory processes which adjust the rate of the biosynthetic reactions to the requirements for cell enlargement and division. By analogy with other biosynthetic reactions, it was thought that regulation of lipid synthesis would be exerted on the enzymes catalyzing reactions occurring near the start of the biosynthetic pathway (20) . We have therefore focused our attention on the L-a-glycerol-phosphate transacylase (E C 2.3.1.15) which produces the first true lipid intermediate, phosphatidic acid. The occurrence of this enzyme in E. coli has been described by Pieringer et al. (15) and by Ailhaud and Vagelos (1). This report presents our studies of the properties of this enzyme and describes its inhibition by adenosine triphosphate (ATP).
MATERIALS AND METHODS
Growth of bacteria and preparation of enzymes.
One-liter cultures of E. coli strain B were grown at 37 C with aeration in a modified M9 medium (17) supplemented with 0.1% Casamino Acids and 0.2% glucose. Growth was followed with a Klett colorimeter (no. 43 filter), and the cells were harvested by centrifugation when the culture had a Klett reading of 160 units. After being washed with 10 mm potassium phosphate buffer, pH 7.1, the cells were resuspended ' On leave from Kyoto University, Kyoto, Japan. in 10 ml of the same buffer supplemented with 10 mM dithiothreitol and disrupted by 75-sec treatment in a Branson Sonifier. Large debris were removed by centrifugation at 5,000 X g for 10 min, and then the small particulate material was collected by centrifugation at 30,000 X g for 30 min. Centrifugations were performed at 0 to 4 C in a Servall RC2 centrifuge. The final pellet, which contained the L-a-glycerol-phosphate transacylase, was resuspended in 2 ml of the same buffer used for sonic treatment and stored at 4 C. About 30% of the enzyme activity was lost after 7 days of storage. 14C-L-a-glycerol-phosphate was enzymatically synthesized by the procedure of Bublits and Kennedy (4) and was purified by Dowex 1-formate column chromatography. DL-"'P-glycerol-phosphate was obtained by acid hydrolyses of 82P-phospholipids extracted from E. coli cells grown in a medium containing 8'P-orthophosphate ('2Pj; 6). The phospholipids KITO AND PIZER were deacylated, and the water-soluble derivatives were heated in 1 N HCl for 60 min. Radioactivity was determined with a Packard scintillation counter. The counting vials contained 5 ml of toluene in which 2,5 diphenyloxazole (0.6%) and 1 ,4-bis-2-(4 methyl-5-phenyloxazolyl)-benzene (0.05%) were dissolved.
Enzyme aSsy. L-a-Glycerol-phosphate transacylase was assayed by the paper-disc method of Goldfine (7) with palmitoyl-CoA and 14C-L-a-glycerol-phosphate as substrates. The assay conditions were modified from those described by Ailhaudand Vagelos (1). The 0.15-ml incubation mixture contained: 10 pmoles of 2 -amino -2 -methyl -1, 3 -propanediol (AMPD) buffer (pH 8.3), 2 pmoles of MgC92, 54 nmoles of DL-a-glycerol-phosphate, 14C-L-a-glycerol-P (60,000 counts/min; specific activity, 34 jsc/;smole), 6 .5 nmoles of palmitoyl-CoA, 50 nmoles of dithiothreitol, and 53,ug of protein. The standard incubation was for 10 min at 10 C. A 50-psiter amount of the reaction mixture was placed on the paper disc which was then inserted into a solution of trichloroacetic acid. The data are presented as counts per minute per disc. When the time course of the reaction was to be followed, the volume of the incubation was increased, and several 50-pliter samples were removed.
Incubations were performed in a Lauda K-2R constant-temperature bath. Protein was determined by the method of Lowry et al. (12) .
Chromatography. Thin-layer chromatography was performed on plates of silica gel F254 (E. Merck AG, Darmstadt, Germany) and silica gel K301R (Distillation Products, Rochester, N.Y.). The solvent systems described by Lubochinsky et al. (13) and Marinetti et al. (Federation Proc. 16:837, 1957 ) were used to develop the chromatograms. The phosphatides were located by spraying the plates with bromothymol blue (9) or observing the quenching of the fluorescence indicator present in the plates. The radioactivity distribution was determined by scraping segments cut from the gel into counting vials then adding scintillation fluid. The phospholipids were deacylated by the procedure described by Ballou et al. (3), and the watersoluble derivatives were subjected to paper chromatography.
The solvent systems were; (A) phenol-water-NH4OH (48 g, 12 ml, 0.2 ml), (B) methanol-NH4OH water (75:15:15), and (C) n-butyl alcohol-acetic acid-water (35:10:25). The phospholipids were located with a spray for phosphate (2), and the radioactive areas were detected and measured with an Atomic Accessories Actograph, model RSC-SA.
RESULTS
Properties of the L-a-glycerol-phosphate trnsacylase. By use of assay procedure described by Ailhaud and Vagelos (1), it was possible to show that the particulate preparation obtained as described in Materials and Methods catalyzed a palmitoyl-CoA-dependent conversion of 14C-L-aglycerol-phosphate into lipid. These initial assays were performed at 37 C, but difficulty was encountered in achieving a linear response with time or enzyme concentration. An investigation of the effect of temperature on the reaction showed that the enzyme preparation became rapidly inactivated at 37 C and that activity decreased with time even at 20 C (Fig. 1) . All subsequent assays were made at 10 C with a 10-min incubation time. At this temperature, the reaction was directly dependent on the protein added ( Fig. 2A) and had a pH optimum of 7.8 to 8.3 (Fig. 2B) Identification of the product of the reaction. The product of the reaction was characterized by extracting several paper discs with lipid solvent followed by co-chromatography of the radioactive product with standard phosphatidic acid. Initially the extraction was performed with a mixture of ether-ethyl alcohol (1:1) at 37 C for 30 min. This extraction was followed by an ex- traction with a mixture of chloroform-methanol (2:1) at 45 C for 30 min. By this procedure, 85 to 90% of the radioactivity on the paper discs was recovered in the organic solvents. After evaporation of the solvents, the residue was subjected to chromatography. With chloroform-methanol-7 N ammonia (60:35:5) as the solvent, 95% of the radioactivity coincided with standard phosphatidic acid (Fig. 3A) . Chromatography with chloroform-methanol-acetic acid-water (50:25:7:3) as solvent distributed the radioactivity into two equal fractions, one of which corresponded with authentic phosphatidic acid (Fig. 3B) . The same results were obtained when 32P-DL glycerolphosphate replaced '4C-L-a-glycerol-phosphate. Phosphatidic acid and phosphatidylethanolamine were added as carrier to a second sample of product. Chromatography of this material with diisobutyl ketone-acetic acid-water (40:25:5) as the solvent gave a double spot for phosphatidic acid (Fig. 3C) . Radioactivity was present in both. The behavior of the product in this solvent is similar to that described by Pieringer et al. (15) for phosphatidic and lysophosphatidic acids.
The product was deacylated and 95% of the CHCl3-soluble radioactivity was recovered in the aqueous phase. The water-soluble derivative(s) was chromatographed with phenol-water, nbutyl alcohol-acetic acid, and methanol-NH40H as solvent systems. In the three solvents, one radioactive component was found which cochromatographed with the L-a-glycerol-phos- phate produced from the carrier phosphatidic acid (Fig. 4) . The radioactive compound had the same RF as authentic DL-glycerol-phosphate. These results show that L-a-glycerol-phosphate was the only radioactive compound produced by deacylation of the enzymatically synthesized lipid. On this basis, it is inferred that the products of the reaction which gave two spots on thinlayer chromatography were phosphatidic acid and lyso-phosphatidic acid, a conclusion in accord with previous investigations of this system (1, 15).
Inhibition of L-a-glycerol-phosphate transacylase. Preliminary experiments showed that suspensions of phosphatides ('0.4 mM) had no effect on enzyme activity but ATP inhibited the reaction. This inhibition was specific ( CoA concentrations which were sufficient to halfsaturate the enzyme.
Although not shown in Fig. 6 , the assay was also performed with concentrations of palmitoyl- CoA in the range of 87 to 170 ,LM. At these concentrations, activity was maximal and no inhibition was observed. The possibility that the lack of linearity at 37 C was due to inactivation of the enzyme was tested by preincubating the preparation in the presence and absence of substrate, and then assaying under standard conditions. The results (Table 3) show that preincubation of the enzyme did not significantly alter its (16) . Since E. coli possesses a glycerolphosphate-dihydroxyacetone phosphate dehydrogenase (11), a supply of glycerol-phosphate is readily available, whereas it was not possible to detect a,#-diglyceride in the cell (5) . Therefore, the available evidence favors the L-a-glycerolphosphate transacylase as the enzyme responsible for de novo phosphatidic acid synthesis. The L-a-glycerol-phosphate transacylase activity described in this paper decreased rapidly when assayed at 37 C, but at lower temperatures the reaction was proportional to enzyme and time. At 10 C, the temperature used for this study, the kinetic properties were different from those described by Ailhaud and Vagelos (1) and Pieringer et al. (15) (18) , probably as a consequence of its detergent properties, but our data obtained at 10 C with relatively high palmitoyl-CoA concentrations or after preincubation at 37 C gave no indication that the substrate was acting on the transacylase in this manner. A third point is that at the lower temperature the effect of palmitoyl-CoA concentration on the enzyme velocity is described by a sigmoid curve (Fig. 6 ) rather than the hyperbola found at 37 C (1). The It was not possible to substantiate our original idea that the end products of phospholipid synthesis could regulate the production of phosphatidic acid. Although they may act in this fashion in the cell, it appears more likely that their relative insolubility in aqueous media and their location in the macromolecular cell envelope makes them ineffective as enzyme inhibitors. The only compound we found that inhibited phosphatidic acid synthesis was ATP. It is difficult to prove that the inhibition of the L-a-glycerolphosphate transacylase by ATP is the means of regulating cellular lipid synthesis; however, the observations that amino acid deprivation which reduced lipid synthesis also increased the cellular ATP pool (8) 
